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Introduction
Bacteria frequently sense and respond to changes in their environments through twocomponent signal transduction systems. The canonical pathway involves a sensor histidine kinase that autophosphorylates in the presence of a stimulus, and then transfers its phosphoryl group to a cognate response regulator. Once phosphorylated, response regulators are typically active, initiating cellular responses appropriate for the stimulus or environmental change that initially activated the system, often by changing gene expression [1] . Given the wide diversity of environmental signals that most bacteria must detect, individual species typically encode dozens to hundreds of unique two-component systems, each responding to a different stimulus and activating a different cellular response [2] [3] [4] [5] .
Although two-component pathways are often depicted as static entities that simply switch ON and OFF, recent work has demonstrated that these signaling pathways are sophisticated information-processing devices that exhibit complex dynamics, on both short and long timescales [2, 6] . Here, we review recent work probing the regulatory features that govern the observed temporal dynamics of two-component signal transduction, and we discuss studies of the evolutionary dynamics that are beginning to reveal how these signaling proteins expand and diversify in bacteria.
Temporal Dynamics of Two-Component Systems
Although bacterial signaling pathways typically involve fewer components than their eukaryotic counterparts, they still possess features that enable them to regulate downstream targets with a high degree of sophistication and control. One such feature is the bifunctionality of histidine kinases. Early studies demonstrated that, in addition to phosphorylating their cognate response regulators when a stimulus is present, most histidine kinases also act as phosphatases for the same response regulators in the absence of stimulus [7] [8] [9] [10] . Thus, the phosphorylation level of a response regulator is ultimately controlled by the balance of these two activities. If the rate of either the kinase or phosphatase reaction is altered, the steady-state level of active response regulator will change accordingly [7, 11] . The phosphatase activity of histidine kinases also helps to prevent cross-talk between different pathways, suppressing the activation of a response regulator by a non-cognate histidine kinase or by promiscuous phosphodonors such as acetyl-phosphate [12] [13] [14] . Recent work has further proposed that the bifunctionality of histidine kinases may serve to suppress latent bistability in two-component pathways [15] . In Escherichia coli, a variant PhoQ kinase engineered to selectively lack phosphatase activity led to bistability in the levels of its phosphorylated partner, PhoP, in individual cells, with some cells switching to and staying in the ON state, even once the stimulus was removed, an effect that severely undermined fitness.
Other features of two-component pathways that yield complex temporal dynamics are positive and negative feedback loops. Using reporter genes activated by a given response regulator or direct measurements of mRNAs from target genes, several groups have observed "impulse" responses, or partial adaptation [11, [16] [17] [18] . Instead of increasing monotonically to a new steady-state level after exposure to inducing conditions, the gene expression driven by a response regulator will first increase to a high, maximal level, and subsequently decrease to reach a steady-state level intermediate to the initial and maximal levels ( Fig. 1A-B) .
The molecular basis of partial adaptation in two-component systems is unclear, but likely involves feedback loops. The Salmonella PhoQ-PhoP system, which responds to low extracellular magnesium and antimicrobial peptides, involves a positive feedback loop wherein phosphorylated PhoP positively autoregulates phoPQ transcription. One early study suggested that eliminating this positive feedback loop, by constitutively expressing phoP, diminished adaptation, or impluse-like behavior [16] . However, mathematical modeling has indicated that negative feedback is ultimately required for an impulse response of twocomponent systems [19] with subsequent work suggesting two potential sources of such feedback. One model posits that the PhoQ kinase retains ADP in its catalytic domain after autophosphorylation, promoting the phosphatase state of PhoQ and driving a decrease in phosphorylated PhoP [20] . Whether the ADP to ATP exchange rate for PhoQ is low enough in vivo that ADP would be retained for long periods of time is unclear; however, at least in vitro, histidine kinases likely undergo multiple rounds of autophosphorylation and phosphotransfer, implying high rates of nucleotide exchange. Another potential source of negative feedback for the PhoQ-PhoP system was revealed with the discovery of the small membrane protein MgrB [21] . Transcription of mgrB is directly stimulated by phosphorylated PhoP, and MgrB interacts with PhoQ in the membrane to reduce output from the PhoQ-PhoP system. However, a direct test of whether MgrB is responsible for the partial adaptation of PhoP-activated genes remains to be done. PhoQ also interacts with another small protein, SafA, although it is activates PhoQ autophosphorylation only under certain conditions in response to a different two-component pathway and thus does not form a feedback loop [22] .
How positive feedback loops influence the steady-state output of two-component pathways is still unresolved, and may differ between individual systems. For the PhoQ-PhoP system, strains with and without positive autoregulation have similar steady-state outputs over a large range of input stimuli, even though a strain lacking positive autoregulation has lower total levels of PhoP than the wild type [16, 23] . By contrast, for the E. coli PhoR-PhoB pathway, autoregulation plays a critical role in tuning both total PhoB levels and pathway output [24] . In phosphate-replete conditions, PhoB levels are low. As cells are depleted of inorganic phosphate, PhoR activates PhoB, which drives increased expression of PhoR and PhoB, leading to higher PhoB levels and activation of the full Pho regulon. Strikingly, the level of PhoB achieved through positive autoregulation is close to optimal. Forcing higher overall levels of PhoB does not significantly increase the amount of phosphorylated PhoB, and leads to the selection of mutations that restore a lower, optimal level of PhoB [24] .
Even more complex temporal dynamics have been described for so-called phosphorelays. Although the majority of two-component pathways involve a single histidine kinase and its cognate response regulator, phosphorelays involve additional components: the phosphoryl group from a kinase is first transferred to one response regulator, then to a histidine phosphotransferase, and finally to a terminal response regulator. One such phosphorelay regulates the initiation of sporulation in Bacillus subtilus and involves five different kinases, each of which can phosphorylate the response regulator Spo0F. The phosphotransferase Spo0B then shuttles phosphoryl groups from Spo0F to Spo0A, the master regulator of sporulation initiation (Fig. 1C) [25] . Strikingly, upon shift to nutrient-limited conditions, Spo0A phosphorylation levels exhibit a series of pulses over the course of several cell cycles until sporulation is ultimately initiated (Fig. 1D) [26] [27] [28] . Each pulse becomes successively larger in amplitude, likely until a threshold of phosphorylated Spo0A is reached, which then allows commitment to sporulation. Which regulatory features of the sporulation pathway drive these pulses is unclear. There are several different feedback loops involving Spo0A and various phosphorelay components, but eliminating individual feedback loops did not disrupt pulsatile behavior.
The biological function of Spo0A pulsing is also not clear yet, although the gradual increase in magnitude of the pulses may represent a time-delay mechanism. Because sporulation is a costly, irreversible decision, cells may use the time it takes to ramp up Spo0A pulses to ensure that prevailing conditions warrant a commitment to sporulation. Additionally, the gradual accumulation of phosphorylated Spo0A may help coordinate the expression of genes needed for sporulation initiation [29] . Genes with high affinity Spo0A binding sites are expressed early when active Spo0A first begins to accumulate, with lower affinity promoters expressed later as active Spo0A accumulates to higher levels [30] .
It is tempting to speculate that the pulsatile dynamics of Spo0A stem in part from the fourstep architecture of the phosphorelay, as such pulsing behavior has not been seen yet with canonical two-component systems. Alternatively, the multi-step phosphorelay could simply enable the integration of multiple signals by providing more points of control. The phosphorelay may also represent a noise generator [31, 32] , such that only some cells in a population ultimately achieve the levels of phosphorylated Spo0A needed for sporulation to initiate. Whatever the case, further studies of the B. subtilis sporulation phosphorelay promise to provide important insights into the temporal dynamics of two-component pathways.
Finally, we note that the temporal dynamics of two-component signaling pathways are often inferred from the behavior of downstream reporter genes, but this approach is inherently indirect and potentially misleading. For example, in E. coli, two different PhoB-dependent reporters yield different temporal profiles of activation, likely reflecting differential regulation by other transcription factors [33] . A more direct method for measuring response regulator phosphorylation levels in vivo involves Phos-Tag technology, in which the phosphorylated and unphosphorylated forms of a regulator can be distinguished in protein gels [33] . This approach has enabled the direct measurement of both total and phosphorylated PhoB levels during phosphate starvation in E. coli. Importantly, this study demonstrated that only ~30% of PhoB molecules are phosphorylated during the phosphate starvation response. This set point is, in part, a consequence of the higher total levels of PhoB compared to its kinase PhoR during phosphate limitation, and high regulator:kinase ratios are a common feature of two-component pathways [20, 34, 35] .
Evolutionary Dynamics of Two-Component Systems
In addition to complex temporal dynamics, two-component signaling pathways also exhibit a striking degree of evolutionary change and plasticity. Over the course of evolution, twocomponent systems have grown dramatically in number within many bacterial genomes, enabling organisms to sense and respond to diverse environmental stimuli. This expansion has been driven primarily through gene duplication and the subsequent divergence of paralogous systems [36] . However, the individual mutations responsible for establishing new pathways post-duplication and the order in which these mutations must occur remain poorly defined. Recent work has begun to explore these issues, combining phylogenetic analyses, molecular genetics, biochemistry, and mathematical modeling.
A key step in the divergence of two-component genes post-duplication is the establishment of insulated pathways, as extant histidine kinases rarely phosphorylate non-cognate response regulators in vivo, even those derived from recent duplication events [12, 37, 38] . Direct molecular recognition is the primary mechanism by which histidine kinases correctly phosphorylate their cognate response regulators. Phosphoprofiling experiments in vitro demonstrated that histidine kinases will specifically phosphorylate, and dephosphorylate, their cognate response regulators relative to all non-cognate substrates on short, biologically relevant timescales [38] . The intrinsic ability of a histidine kinase to discriminate its cognate partner from all non-cognate partners implies the existence of specificity-determining residues in each protein. Such residues presumably must coevolve to maintain the interaction of cognate proteins. Analyses of amino-acid coevolution in large sets of cognate kinase-regulator pairs from across the bacterial kingdom have revealed a small set of putative specificity residues in each protein [39, 40] . These residues were experimentally shown to dictate protein-protein interaction specificity through the rational reprogramming of two-component signaling proteins [39, 41] . For example, mutating the specificity residues of the histidine kinase EnvZ to match those of RstB, produced a mutant EnvZ that specifically phosphorylated RstA, the cognate regulator of RstB, while abolishing interaction with its usual partner, OmpR.
The mapping of specificity-determining residues in two-component pathways has enabled studies of how specificity evolves post-duplication [42] . Phylogenetic and sequence analyses have revealed that specificity residues, which are relatively static in the absence of gene duplication, exhibit a burst of diversification approximately coincident with a pathway duplication event. Typically, both a kinase and regulator diversify, coevolving to retain their interaction while becoming insulated from their duplicated counterparts ( Fig. 2A) . Once insulated pathways are established, specificity residues are again relatively static, thereby preserving interactions between cognate partners. This process of pathway divergence and insulation can involve changes in one or both pathways produced by a duplication event. Additionally, in some cases, insulation can require changes to yet other pathways [42] . For instance, in α-proteobacteria, the NtrB-NtrC pathway was duplicated with subsequent divergence of one copy yielding the extant NtrXNtrY pathway. Phylogenetic analyses indicated that the emergence of NtrX-NtrY likely produced cross-talk with another, unrelated two-component pathway, the PhoR-PhoB system. Consequently, the α-proteobacterial PhoR and PhoB accumulated substitutions in their specificity residues that retained a PhoR-PhoB interaction while eliminating cross-talk between PhoR and NtrY. Consistent with this model, restoring the ancestral specificity residues to an extant α-proteobacterial PhoR from Caulobacter crescentus led to increased cross-talk with NtrY in vitro and put Caulobacter cells at a selective disadvantage relative to the wild type in conditions that activate PhoR. Collectively, these observations demonstrated that the avoidance of cross-talk is a major selective pressure for two-component pathways, driving the diversification of specificity residues to produce insulated pathways, particularly after gene duplication events.
Although cross-talk is selected against, it is unavoidable immediately after pathway duplication, raising the question of what steps are taken, and in what order, to create a new pathway ( Fig. 2A) . Recent mathematical modeling has suggested that changes to specificity residues that eliminate cross-talk should occur first, followed by acquisition of new input/ output functionalities, assuming cells must follow neutral or near-neutral mutational trajectories [43] . This work also highlights a major gap in our understanding of twocomponent pathway evolution, namely how histidine kinases gain new input functions and how response regulators gain new output functions. Domain shuffling likely plays a prominent role, but experimental studies of this process are an important future challenge.
Some non-canonical two-component pathways, particularly those involving so-called hybrid kinases, do not face the same evolutionary pressure to maintain phosphotransfer specificity as do canonical pathways. Hybrid kinases are histidine kinases that phosphotransfer intramolecularly to a response regulator-like receiver domain. The phosphoryl group from the receiver domain can then be passed to a histidine phosphotransferase, or in some cases, enable the kinase to autophosphorylate again and phosphotransfer to a soluble response regulator. Nearly 25% of all histidine kinases are hybrids [44] and phosphotransfer profiling experiments have demonstrated that their phosphotransfer specificity is not driven by molecular recognition as their kinase domains alone often phosphorylate many soluble response regulators. Instead, phosphotransfer specificity for hybrid kinases is enforced by spatial proximity; the high effective concentration of the tethered receiver domain ensures intramolecular phosphotransfer [45, 46] . Consequently, duplicated hybrid kinases are not under the same strong selective pressure to diversify their specificity residues.
Although the evolution of two-component pathways often involves the production of two insulated pathways, there are cases in which components are added to, or integrated with, an existing pathway, yielding novel pathway architectures. A primary example is the B. subtilis sporulation phosphorelay in which five separate kinases, KinA/B/C/D/E, can each initiate a four-step phosphotransfer pathway culminating in phosphorylation of Spo0A [47] . The architecture of this phosphorelay is dictated by the preference of the kinases for phosphorylating Spo0F relative to Spo0A [37] . Presumably, the B. subtilis sporulation phosphorelay evolved from an ancient, canonical two-component system, but how, at a molecular level, did this occur?
One possibility is that an ancestral sporulation pathway involved kinases that directly activated an ancestral Spo0A ortholog with subsequent integration of the two middle components (Fig. 2B, bottom) . Such a scenario would have required a change in kinase specificity to prefer the new Spo0F-like regulator over Spo0A. Interestingly, there are extant species, including various Clostridia species, that lack Spo0F and Spo0B orthologs and that initiate sporulation through a more canonical two-component pathway [48] . For example, in C. botulinum and C. acetobutylicum, several histidine kinases can directly phosphorylate their respective Spo0A orthologs [49, 50] . Additionally, the C. acetobutylicum kinases can phosphorylate B. subtilis Spo0A but not Spo0F, while B. subtilis KinA cannot phosphorylate Clostridium Spo0A. These observations may imply that Bacilli species gained the intermediate components Spo0F and Spo0B. However, it could also be that the phosphorelay was present in a common ancestor of the Bacilli and Clostridia with subsequent loss of the middle two pathways components in Clostridia. Additionally, we note that the Clostridia kinases are not obvious homologs of the Bacilli kinases KinA-E suggesting that Clostridia species may have lost all components except Spo0A and then coopted other kinases to directly phosphorylate Spo0A.
An alternative possibility for the origin of the sporulation phosphorelay is that it arose from the joining of two previously independent systems (Fig. 2B, top) , such that the response regulator of one pathway became a phosphodonor for the other histidine kinase, which may have then lost its ability to autophosphorylate. Notably, the histidine phosphotransferase Spo0B, like many other phosphotransferases, structurally resembles a histidine kinase, but has lost the ability to autophosphorylate [51] .
There are yet other possible scenarios for how the sporulation phosphorelay arose and exactly what happened remains uncertain. More in-depth, detailed phylogenetic studies are needed, along with better characterizations of the pathways controlling Spo0A phosphorylation in various Firmicutes, the clade containing Bacilli and Clostridia. Reconstructing the origins of the phosphorelay promises to reveal the evolutionary dynamics that shape and influence all two-component pathways, including their connectivities and functions.
Conclusions
Recent work has begun to probe the complexity of two-component signaling dynamics, on short and long timescales. Although these pathways are often thought to simply switch from OFF to ON after exposure to stimulus, studies of the induction kinetics have revealed more sophisticated behavior, including single impulses and sustained pulsing. Understanding how cells exploit and benefit from these dynamics remains a challenge for the future. Recent work has also started to reveal the complexities of two-component pathway evolution, but much more work is needed to understand how, at a molecular level, these pathways have expanded to respond to such a wide range of stimuli. 
